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Synthetic sea shell 

Michael Rubner 



The mechanical properties of natural substances such as bone and shell are 
envied by those involved in the fabrication of materials. A 'bricks-and-mortar' 
structure, assembled layer by layer, is the key to making sea shells. 
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Figure 1 The 'bricks-and-mortar* approach, a, The natural strength, hardness and toughness of bone and 
shell are attributable to their nanoscale structure of calcium carbonate bricks and mortar-tike protein 
layers. By mimicking this structure, Tang et aV have created a new material with mechanical properties 
similar to nacre, or mother-of-pearl, b, Montmorillonite bricks (0.9 ran thick) are deposited layer by layer 
above a silicon-wafer substrate, alternating with polymer chains of mortar, c, Structures that are many 
layers deep can be built — this one has 1 00 brick and polymer layers — although the process is slow. 



For a materials scientist, cross-sectional 
images of the complex microstructures 
of naturally occurring hard materials 
such as bones and sea shells are awe-inspiring. 
Over many millions of years, nature has 
devised schemes to combine seemingly 
incompatible building-blocks — 'soft' 
organic proteins and 'hard* inorganic parti- 
cles of calcium carbonate — in a manner 
that produces composite materials with the 
unusual combination of high strength, hard- 
ness and toughness. Imagine, however, that 
you could build such a structure as a mason 
would, one layer at a time, from the bottom 
up. Writing in Nature Materials, Tang and 
colleagues 1 explain how it can be done, using 
a molecular-level processing scheme known 
as layer-by-layer assembly 2,3 . 

Flexible soft materials that can undergo 
energy-absorbing molecular rearrange- 
ments during deformation are tough, but 
also very compliant. In contrast, rigid hard 
materials are stiff but often also very brittle, 
and they have little ability to absorb energy, 
so their toughness is low. To be strong, hard 
and tough, a material must be able to absorb 
a large amount of energy during mechanical 
deformation and also maintain high stiff- 
ness. In bone or shell, this desirable combi- 
nation of properties is made possible by one 
key attribute — a bricks-and-mortar-like 
structure, made up of strongly interacting, 
nanometre-size building-blocks. The 'hard' 
bricks and 'soft' mortar are complementary 
in their response to stress and strain. 

So far, attempts to mimic these structures 
with synthetic building-blocks have failed to 
produce a material with similarly impressive 
mechanical properties, because most con- 
ventional processing techniques simply do 
not offer the nanoscale level of control 
needed to create a highly regular bricks- 
and-mortar-type arrangement. Nature has 
no such difficulty with nanoengineering: it 
can assemble, in a regular manner, building- 
blocks of the right dimensions that interact 
strongly enough at their interfaces to allow 
the transfer of deformation energy between 
the rigid bricks and the softer mortar. 
Reproducing these elements synthetically 
is a challenge. 

But this is exactly what Tang et aV have 
achieved, through the alternating sequential 
deposition of negatively charged, nano- 
metre-thick clay platelets (the bricks) and a 
positively charged polymer (the mortar). 
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The primary driving force for this adsorp- 
tion-based assembly, which is carried out 
entirely from dilute aqueous solutions of 
the materials, is electrostatic: the positively 
charged polymer chains are attracted to the 
negatively charged clay platelets, and vice 
versa. By assembling the clay platelets (in this 
case, a material called montmorillonite) and 
polymer chains one deposition step at a 
time, the authors are able to create a bricks- 
and-mortar-type arrangement that mimics 
the natural structure of nacre, the material 
known as mother-of-pearl (Fig. 1 ). 

The polymer chains are arranged in coils 
and folds, physically pinned by relatively 
weak electrostatic interactions. As the mat- 
erial is deformed and the clay platelets begin 
to slide over each other, the polymer chains 
can undergo molecular rearrangements, 
through the breaking of 'sacrificial* ionic 
bonds and the concomitant unfolding of the 
coiled polymer chains. And this process, in 
turn, allows the material to absorb a lot of 
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deformation energy. The authors report that 
thin films assembled in this way have tensile 
strength and stiffness that approach those of 
seashell nacre. Their stiffness is significantly 
higher than the more disordered composites 
previously fabricated from similar materials 
using conventional methods. 

As a step towards creating synthetic 
materials that truly mimic the mechanical 
behaviour of naturally occurring materials, 
this is an important advance. The true poten- 
tial of this approach — to construct more 
complicated layered structures containing 
many types of building-blocks — has yet to be 
pursued. But, for example, this group has also 
shown mat layer-by-layer assembled films 
containing carbon nanotubes have excep- 
tional mechanical properties 4 . So this seems a 
promising way of fabricating multilayered, 
multi-component thin fdms, with molecular 
architectures designed to take full advantage 
of the complex interactions possible between 
many different types of materials. And as this 
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assembly process simply involves alternately 
dipping a substrate into dilute aqueous 
solutions of oppositely charged materials, it is 
easy to control the number, type and sequence 
oflayers added to the film 5 . 

There is a price to pay, however, for assem- 
bling the building-blocks one layer at a time. 
Such structures, particularly if they need to 
reach thicknesses in the micrometre range, 
require far longer fabrication times than more 
conventional processes such as spin-coating. 
Indeed, it is impressive that Tang et aV 
have succeeded in creating free-standing, 
micrometre-thick films in this way ( Fig. 1 c) . 

Another challenge in working with 
charged polymers is mat they are capable of 
adsorbing a lot of water, which in turn can 
degrade the mechanical properties by 
screening the ionic interactions that lend 
strength to the material. Tang etal show that 
there is a significant decrease in mechanical 
performance when films are tested in high- 
humidity environments. But this problem 



can be addressed, as many different types 
of materials can be assembled in these 
multilayer films, including those that are 
hydrophobic (water resistant) or that can be 
rendered hydrophobic by subsequent chem- 
ical or thermal treatments. 

In any event, these model structures are 
sure to provide new insight into the behav- 
iour of naturally occurring materials. Their 
applications could be widespread, from syn- 
thetic engineering of biological hard tissue 
to thin-film protective coatings. B 
Michael Rubner is in the Department of Materials 
Science and Engineering, Massachusetts Institute of 
Technology, 77 Massach usetts Avenue 73-5 J 10, 
Cambridge, Massachusetts 02139, USA. 
e-m ail ruhner@mit.edu 
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the substrate for telomerase, which elon- 
gates chromosome ends by adding G-rich 
repeats. The importance of telomerase is 
evident from studies of yeast and human 
cells in which reductions in telomerase levels 
produce a steady decline in telomere length 
that eventually blocks cell division. Not sur- 
prisingly, then, telomerase is highly active in 
systems such as the blood and reproductive 
system, which rely on continuous replenish- 
ment through cell proliferation 3 . Much to 
the interest of cancer biologists, telomerase 
levels are also increased in most human 
tumours, providing a potential target for the 
development of anticancer drugs 4 . 

In normal cells, telomerase activity is 
carefully controlled by several mechanisms. 
For instance, subunits that are part of the 
telomerase complex itself can positively reg- 
ulate the enzyme, for example by mediating 
recruitmen t of the complex to chromosome 
ends 5 . Surprisingly, proteins that bind to the 
duplex region of the telomere can also be 
potent regulators, even though they do not 
appear to associate physically with telom- 



Telomeres erase. These duplex-binding proteins 



Taking the measure 



Vicki Lundblad 



Telomeres — the tips of chromosomes — need to be preserved, and this 
involves replenishing telomeric DNA when it has been eroded. But telomeres 
must not become too long, and one aspect of length control is now revealed. 



in every organism, maintaining the integ- 
rity of the genome is a crucial endeavour. 
One aspect of genome maintenance 
involves protecting telomeres, the natural 
ends of linear chromosomes. This task is 
achieved by a suite of specialized protein 
complexes, which are anchored to chromo- 
some ends through their association with 
further proteins that bind directly to telo- 
meric DNA. The resulting structure pre- 
vents events that would be catastrophic for 
the genome, such as the loss of terminal 
DNA sequences or end-to-end chromosome 
fusions. 

One of the complexes involved in telo- 
mere maintenance is an enzyme called 
telomerase, which adds DNA back to telo- 
meres that have become eroded. Several 
other proteins also regulate this complex. 
But how the different proteins talk to one 
another — to keep telomeres the right 
length, to protect mem, and to replicate 
them during cell division — is poorly under- 
stood. Writing on page 1 0 1 3 of this issue and 
in Current Biology* respectively, Loayza and 
de Lange 1 and Colgin etal? describe a crucial 
feature of the process by which telomerase 
can sense, and thus regulate, the length of 
individual chromosome ends. 

Telomeric DNA is composed of G-rich 
repeats — reiterations of a short DNA 
sequence that does not code for protein and 
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is high in guanine (G) nucleic-acid bases. It 
also has a single-stranded stretch that over- 
hangs the end of the double-stranded 
(duplex) telomeric region. This overhang is 



which include Rapl in budding yeast and the 
TRF1 and TRF2 proteins in human cells — 
can 'count* the number of G-rich repeats 
and, when telomeres become overly long, 
inhibit further telomerase activity 6,7 . 

Missing from this elegant proposal for 
telomere-length regulation, however, is an 
explanation for how information from the 
duplex portion of the telomere is relayed to 
the very tip of the chromosome — the site of 
telomerase action. To address this, Loayza 
and de Lange 1 and Colgin et al 2 turned to a 
recently discovered human protein called 





Figure 1 Model for telomere length control. Telomeres are found at the end of linear chromosomes, and 
their length must be precisely regulated — a process that involves the POT1 protein in human cells 1 ' 2 . 
Loayza and de Lange 1 have shown that POTl binds to the TRFl complex on the double-stranded 
(duplex) portion of telomeres. TRFl complexes sense the length of the telomere, and the authors propose 
that this information is transmitted to telomerase (an enzyme that extends telomeres) via POTl, by 
transferring POTl to the single-stranded overhang at the telomere tip. a, When the telomere is long 
enough, the levels of POTl on the overhang are high, and telomerase is inhibited, b, When the telomere is 
too short, little or no POTl is transferred to the end, and telomerase is no longer inhibited, allowing it to 
add DNA back to the telomere. Colgin et al 1 have proposed that POTl may also act as a positive regulator 
of telomerase when present at the single-stranded terminus. It might do so via a direct interaction with 
telomerase, in an analogous way to how the yeast Cdcl3 protein regulates telomerase 511 . 
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Iterative Formation of Inorganic-Organic 
Interfaces in the Synthesis of 
Silicate Mesostructures 

jinnier, F. Schuth, Q. Huo, D. Kumar, D. Margolese, 
(Maxwell, G. D. Stucky,* M. Krishnamurty, P. Petroff, 
A. Firouzi, M. Janicke, B. F. Chmelka 

presented to explain the formation and morphologies of surfactant-silicate 
jges. Three processes are identified: multidentate binding of silicate oligomers 
Sic surfactant, preferential silicate polymerization in the interface region, and 
matching between the surfactant and the silicate. The model explains 
nental data, including the transformation between lamellar and hexagonal 
; $nd provides a guide for predicting conditions that favor the formation of 
ji|agonal, or cubic mesostructures. Model Q 230 proposed by Mariani and his 
actorily fits the x-ray data collected on the cubic mesostructure material, 
puggests that the silicate polymer forms a unique infinite silicate sheet sitting 
^| minimal surface and separating the surfactant molecules into two discon- 
Smes. 



i of a new family of mesoporous 
pSi designated M41S, by scien- 
I'Oil Corporation (J), has dra- 
Bpanded the range of crystallo- 
glfihed pore sizes from the micro- 
frto the mesopore (20 to 100 A) 
jsynthesis uses ordered anays of 
oolecules as a "template" for the 
1 polymerization of silicates, 
materials obtained by this 
several remarkable features: (i) 
|ppre sizes and shape, as compared 
orous materials; (ii) fine adjust- 
J|pbre size within the limits stated 
ghigh thermal and hydrolytic sta- 
f prepared; and (iv) a very high 
Jodie ordering over micrometer 
IgfeTTiese unusual properties are a 
lof the interplay between orga- 
|gf the surfactant molecules and 
jsin the aqueous phase. 
■51- (2) outlined two general 
Jthe formation of the mesopo- 
g^The first model assumes that 
ucture-directing element is 
actant liquid crystal phase. 
Model suggests that the addi- 
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tion of the silicate orders the subsequent 
silicate-encased surfactant micelles. These 
general models, however, are insufficient 
for establishing the mechanistic under- 
standing needed for better control of the 
synthesis process, which is key to efforts 
aimed at improving or adding to this excit- 
ing new class of materials. On the basis of 
experimental results, we present here a 
more detailed model of the mesophase for- 
mation process, which explains presently 
known experimental data and successfully 
predicts conditions needed for the synthesis 
of desired structures. We believe that this 
model can be generalized to the synthesis of 
other nonsiliceous materials as well. 

From considerations in surfactant and 
silicate chemistry, three closely coupled 
phenomena are identified as crucial to the 
formation of surfactant-silicate mesophases. 
These include: (i) multidentate binding of 
silicate oligomers, (ii) preferred polymeriza- 
tion of silicates at the surfactant-silicate 
interface, and (iii) charge density matching 
across the interface. 

Mesostructure syntheses can be carried 
out under conditions in which the silicate 
alone would not condense (at pHs from 1 2 
to 14 and silicate concentrations of 0.5 to 
5%) and the surfactant cetyltrimethylam- 
monium (CTA*) alone would not form a 
liquid crystal phase. In fact, surfactant- 
silicate mesophases can form at surfactant 
concentrations as low as 1%, a regime in 
the CTABr-water phase diagram in which 
only micelles are present. For a CTABr- 
water solution at typical surfactant-silicate 
synthesis temperatures in the absence of 
silicates, a hexagonal phase is favored at 
surfactant concentrations from — 25 to 70% 
by weight whereas a lamellar phase forms at 
concentrations above 70% (3, 4). Never- 



theless, a solid mesophase precipitate is 
formed, the structure of which will be 
discussed below, as soon as surfactant 
(chain length of 8 to 20 carbon atoms) and 
silicate solutions are combined. The rapid- 
ity of this precipitation indicates that there 
is a strong interaction between the cationic 
surfactant and anionic silicate species in the 
formation of surfactant-silicate mesophases. 

We performed syntheses aimed at iden- 
tifying conditions important for the forma- 
tion of mesoporous materials over a wide 
range of reactant compositions and temper- 
atures (5). For the purpose of investigation, 
we found that we could slow the evolution 
of the surfactant-silicate systems by under- 
taking the syntheses at moderate tempera- 
tures (between 30° and 100°C) (6). During 
freeze-dry kinetic experiments with CTAC1 
used as the surfactant, a layered (lamellar) 
material with a primary d spacing (repeat 
distance) of 31(±1) A was produced, to- 
gether with amorphous silica, after reaction 
times on the order of 1 min. For the 
synthesis conditions given in Fig. 1, the 
lamellar mesophase disappears after approx- 
imately 20 min, at which point the diffrac- 
tion pattern of the hexagonal mesostructure 
is simultaneously detected. This hexagonal 
material has a primary d spacing of 40 (± 1) 
A and attains its final degree of ordering 
after —10 hours (7). 

A layered material with a primary d 
spacing of 31(±1) A (Fig. 2, pattern A) 
can be isolated in pure form (8) fa trans- 
mission electron microscopy (TEM) micro- 
graph of this mesostructure is depicted in 
Fig. 3. The variation of the d spacing as a 
function of the chain length of a cationic 
surfactant C n H 2n+1 [N(CH 3 ) 3 r (for 14 < n 
< 22) is 1.0 to 1.2 A per carbon, which 




Time (min) 

Fig. 1. Time evolution of the intensity of x-ray 
diffraction features associated with layered and 
hexagonal (M41S) mesostructures at 348 K. 
The layered material is precipitated rapidly, 
whereas the hexagonal material appears later, 
as a result of a higher degree of silica polymer- 
ization. The composition of the reaction mixture 
was as follows: 1 M SiO 2 :0.025 M AI 2 O 3 :0.115 
M Na 2 O:0.233 M CTACI:0.089 M TMAOH:125 
M H 2 0. 
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corresponds to a monolayer assembly. If this 
new layered material is hydrothermally 
treated at 373 K (pH = 7) , it is converted 
to the hexagonal mesostructure over 10 
days, with intermediate and final x-ray pat- 
terns shown in Fig. 2, patterns B and C, 
respectively. During this transformation the 
degree of silica polymerization increases, as 
measured by the relative number of incom- 
pletely condensed (Q 3 ) and fully condensed 
(Q 4 ) silicon atoms determined by 29 Si mag- 
ic-angle spinning nuclear magnetic reso- 
nance spectroscopy. The ratio between Q 3 
and Q 4 silicon decreases from typical values 
of 1 .0 for the layered material to 0.4 to 0.55 
for the hexagonal mesostructure, reflecting 
a significant increase in the number of 
silicon atoms fully coordinated to other 
silicate nearest neighbors. 

Mesophase formation and associated sil- 
ica polymerization are intimately tied to 
Coulombic interactions between surfactant 
and silicate species at the micelle interfac- 
es. Silicates present in the form of mono* 
valent monomers, Si(OH) 3 0~, however, 
are expected to have little energetic advan- 
tage over other monovalent anions compet- 
ing for access to the cationic surfactant 
head groups. At high pH, the reaction 
mixture also contains small silica oligomers 
(three to seven silicon atoms) of varying 
degrees of polymerization and charge (9). 
These oligomers are appreciably more acid- 
ic (pK a — 6.5) than the monomer or dimer 
species [pK a 9.8 and 10.7, respectively 
(10)], although all such silicates will be 
highly dissociated under the high pH con- 
ditions used here (J J). 

The oligomeric silica polyanions, how- 
ever, can easily act as multidentate ligands 
for the cationic head groups of the surfac- 
tant, leading to a strongly interacting sur- 
factant-silicate interface. Indeed, the inter- 
action of ionic surfactants with polyions of 
opposite charge encourages strong coopera- 
tive binding, manifested by increases in the 
binding constants of up to two orders of 



Fig. 2. Powder x-ray diffraction 
patterns of surfactant-silicate me- 
sostructures precipitated from the 
same reaction mixture (1 M Si0 2 : 

0. 034 M AI 2 O 3 :0.07 M Na 2 O:0.27 
M CTABr:0.14 M TMAOH:0.28 M 
TMB:100 M H 2 0) r and then treat- 
ed hydrothermally at 373 K for 
different times. X-ray patterns are 
shown for (curve A) the initially 
precipitated layered material, 
(curve B) an intermediate materi- 
al, and (curve C) the M41S hex- 
agonal mesostructure acquired 0, 

1 , and 10 days, respectively, after 
initiation of the hydrothermal treat- 
ment. 
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magnitude in similar systems (12).. Prefer- 
ential multidentate binding of the silicate 
polyanions causes the interface to quickly 
become populated by tightly held silicate 
oligomers, which can subsequently poly- 
merize further. Silicate polymerization 
within the surfactant-silicate interface re- 
gion is favorable for two related reasons: (i) 
the concentration of silicate species near 
the interface is high and (ii) their negative 
charges are partially screened by the surfac- 
tant. Furthermore, as polymerization pro- 
ceeds, the formation of highly connected 
silicate polyanions, which act as very large 
multidentate ligands, further enhances the 
cooperative binding between the surfactant 
and silicate species. 

Multidentate ionic binding in surfac- 
tant-silicate systems has an important con- 
sequence; namely, it leads to precipitation 
of a given mesophase from solution. 
Through the interactions driving the pre- 
cipitation process, the appearance of a giv- 
en mesostructure is established, although 
this process is expected to operate on a 
different time scale from polymerization of 
the silica, which accounts ultimately for the 
thermal, mechanical, and hydrolitic stabil- 
ity of the final material. If small silica 
oligomers are present in sufficient quantity, 
precipitation of the surfactant-silicate sys- 
tem is primarily the result of electrostatic 
interactions, combined with packing con- 
straints associated with the hydrophobic 
surfactant chains. Whereas precipitation is 
fast and essentially thermodynamically con- 
trolled, silica polymerization into a strong 
and extended framework is slow and reac- 
tion rate-limited. This two-stage process is 
in agreement with experimental findings 
that contrast the mesostructures obtained at 
room temperature after short reaction times 
with those obtained at high temperature 
after long reaction times: very similar x-ray 
patterns are obtained for both sets of con- 
ditions, indicating identical precipitated 
mesostructures; however, the materials syn- 
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forces and conformational eherg 
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Fig. 3. Transmission e\ectignl£jj£ 
the layered surfactant-silicaMffig 
whose x-ray data are showhjBnT~_ 
(curve A). The d spacing QjjojS 
31(±1)A. 
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Sieally, G inlra governs the formation 
grticular micelle shape for a given 
H A and is also responsible for the 
swelling of the micelles when 
rbon "expanders," such as trimeth- 
|he (TMB) are added to the solution 
^he term G wall drives the chemistry 
Jthe wall, including the polymeriza- 
*ocess, and contains the structural 
Sfnts responsible for the multidentate 
"fe The term G intCT establishes the 
^between A and the state of the wall 
by p. This coupling across the 
fe can be understood in terms of 
ffatic interactions (which most like- 
fffiominate), whereby the silicate 
jpensity within the wall, p e , is mu- 
Tfeened by the charges on the sur- 
ghead groups, which have an average 
Icharge density of 1/A. Thus, the 
Itatic interactions link A 0 , as defined 
fj j with p e , a relation we refer to as 
pk density matching." Such interde- 
a| electrostatic effects control the d 
J of surfactant intercalates in differ- 
Bia-type silicates (15) and have been 
ffiLto explain the "self-replication" 
|pf silica layers in purely inorganic 
1(16). 

I|rfactant-silicate systems, polymer- 
B|nven by G wall will profoundly affect 
gviding a mechanism to explain the 
||n between the lamellar and hexag- 



onal mesophases. In the early stage of the 
synthesis, the presence of highly charged 
silica oligomers favors a small value of A 0 , 
which can be achieved with a lamellar 
surfactant configuration. As rearrangement 
and polymerization of the silicate species 
proceed, the density of anionic silanol 
groups diminishes, so that A 0 increases, 
while the number of compensating cations 
decreases. At the same time, the wall thick- 
ness can decrease from its initial value 
without energy cost, because the most sta- 
ble ionized silanol groups are confined to 
the wall surface, thus reducing repulsive 
dipole-dipole interactions between the two 
opposite-facing wall surfaces. The silicate 
wall is still poorly condensed during early 
stages of the synthesis, allowing the system 
to increase its A toward A 0 by adopting the 
hexagonal structure according to charge- 
density matching criteria. Under these cir- 
cumstances, the wall thickness simultane- 
ously decreases to keep the volume ratio 
CTA/Si0 2 constant. The actual wall thick- 
ness has been estimated to be 10 to 11 A 

(17) (or the lamellar mesophase and 8 to 9 A 

(18) for the hexagonal mesophase. Simple 
geometrical arguments can be used to show 
that these values are consistent with a con- 
stant CTA/Si0 2 volume ratio throughout 
the phase transition. 

The regularity of the product mesostruc- 
tures supports mediation of the silicate wall 
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thickness during the assembly process. The 
high efficiency of this mediation is reflected by 
the experimental observation that the wall 
thickness of the hexagonal phase is essentially 
constant (8 to 9 A) over a wide range of 
reaction conditions, independent of the sur- 
factant chain length, and by the clearly hex- 
agonal, as opposed to circular, pore shape 
established by both high-resolution TEM and 
modeling of the powder x-ray diffraction pat- 
terns (19). Control of the silicate wall thick- 
ness is undoubtedly related to the double layer 
potential: silicate species are only accumulat- 
ed at the surfactant interface to the extent 
necessary for charge compensation. Polymer- 
ization normal to the interface, which would 
thicken the wall or produce amorphous bulk 
Si0 2 , does not occur because of the strong 
electrostatic repulsion produced by the high 
negative charge on the silicate species at pH 
12 and above (JO). 

Figure 4 shows a mechanism consistent 
with current experimental investigations by 
which the lame liar- to-hexagonal meso- 
phase transformation may occur. Silica poly- 
merization leads to an increase in interfacial 
area that is achieved through corrugation of 
the lamellar surfactant-silicate sheets. As 
implied in the final step, this corrugation 
progresses until connection between the 
sheets is made at the cusps, resulting ulti- 
mately in the formation of the hexagonal 
mesophase. Another way to accommodate 
the change in A would be to maintain a 
planar structure while tilting the hydrocar- 
bon chains. Such a transition, however, is 
entropically disfavored by the restrictive 
chain configuration this suggests. 

Yanagisawa et al (20) recently reported 
a hexagonal mesostructure, with pore di- 
mensions similar to that of M41S, produced 
by the inclusion of CTA + cations into the 
sheet silicate kanemite. During their syn- 
thesis these researchers observed a layered 
intermediate that subsequently transformed 
into a hexagonal phase material. This pro- 
cess is probably driven by the same forces as 
the transformation we report, although it is 
not yet clear to what extent the kanemite 
structure is preserved during the conver- 
sion. If the pH is sufficiently basic, for 
example, the sheets can be partially or fully 
destroyed during the process. 

We propose that the surfactant-silicate 
mesophase structure is governed primarily 
by the terms G imra and G intcr of Eq. 2. In 
this respect, the main effect of the silicate 
wall and of the reaction conditions are to 
determine A 0 . This provides predictive ca- 
pability for establishing the reaction condi- 
tions that favor the lamellar or the hexag- 
onal mesophases. We have tested this mod- 
el experimentally by monitoring the effects 
of pH and the degree of polymerization of 
the silica source on the mesostructure syn- 
theses, with the results summarized in Fig. 
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Fig. 6 (left). Transmission electron micrograph of the cubic surfactant- 
silicate mesostructure showing an ordered -2000 A aggregate viewed 
along its [1 1 1 ] axis. Fig. 7 (right). X-ray powder diffraction pattern of 
the cubic mesostructure, with \a3d symmetry, synthesized from a reac- 
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tion mixture with a molar composition of 1 M TEOS:0 25 M Nil 
CTACI:62 M H 2 0 for 3 days at 373 K (curve A). Calculate^ 
pattern using the Q 230 model proposed by Mariani etal (21) wirfl 
parameter a = 97.3 A (curve B). c: u 



5. These results lead to the following con- 
clusions in accordance with our predictions: 

1) The lamellar phase is favored at high 
pH and for a low degree of polymerization 
of the silica source. 

2) The hexagonal phase is favored at 
low pH and for a highly polymerized silica 
source. 

In addition, we investigated the influ- 
ence of the ionic strength on the surfactant- 
silicate assembly process by performing the 
synthesis in a reaction solution also con- 
taining 1 M NaCl. The presence of the salt 
decreased the regularity of the material, as 
reflected by a reduction in the number of 
peaks in the x-ray pattern (from four to 
two). This effect, expected only at high 
ionic strengths, is attributed to perturbation 
of the double layer potential. The strong 
binding constant of silicate species com- 
pared to other ions makes this effect negli- 
gible at lower ionic strengths and explains 
why mesostructure syntheses are relatively 
insensitive to other counterions in the re- 
action mixture. 

The existence of the cubic mesophase 
described by Beck et al (2) is strongly 
supportive of the important role of G intra + 
Winter in the formation of surfactant-silicate 
mesostructures. Indeed, there is remarkable 
similarity between the cubic mesophase, 
which we have recently_ synthesized and 
characterized, and the laid phase found in 
the water-CTABr system (4). A TEM im- 
age of the cubic mesostructure material 
(Fig. 6) shows an ordered -2000 A aggre- 
gate. The x-ray powder spectrum (Fig. 7) 
agrees very well with the model Q 230 pro- 
posed by Mariani et al (21) for water- 
surfactant systems. For this structure, it is 
appealing to conjecture that the midplane 
of the silicate wall sits on a gyroid periodic 
minimal surface (22). Such a structure can 
then be viewed as a single infinite silicate 
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sheet that separates the surfactant species 
into two equal and disconnected volumes. 
This so-called bicontinuous phase will be 
formed when the value of A 0 set by the 
reaction conditions is close to the value of 
the laid phase, namely, when pH and the 
CTA/SiO z ratio are high. It is advanta- 
geous for the silicate wall to occupy a 
periodic minimal surface, because it can 
maximize the wall thickness for a given 
CTA/Si0 2 volume fraction. 

The leading role of G intra + G inter in 
directing mesostructure formation provides 
a foundation for identifying potential re- 
placement candidates for silicon in the 
synthesis of mesoporous inorganic frame- 
works. The principal criteria are that the 
inorganic component must be capable of 
forming flexible polyionic species, that ex- 
tensive polymerization of the inorganic 
component must be possible, and that 
charge density matching between the sur- 
factant and inorganic species has to occur. 
In other words, when G sol plays a benign 
role, G waI , must not dominate G intra + 
Gmter in or der that, the mesostructure form. 

In addition to binding efficiently to the 
surfactant interface, the best inorganic can- 
didates will have a tendency to form glasses 
easily. Silicates are certainly a prototypic 
system in view of the ease with which they 
form oligomeric anions with varying de- 
grees of polymerization. Other systems, 
however, may also fulfill these require- 
ments, including transition metals, such 
as vanadium, or main group elements, 
such as boron, which can form polyanions 
and condense. One can also speculate 
about a reversed system in which an an- 
ionic surfactant is used to precipitate a 
cationic metal oxide precursor, the lauryl- 
sulfate-iron oxide system representing one 
candidate example. 

Existing experimental data thus far con- 
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firm the trends predicted for the f^ 
of surfactant-silicate mesostructure^ 
qualitative model outlined above** 
ative binding provides an explan^ 
the strong interactions needed tof^ 
tate mesophases from dilute solutio ns!!^ 
erential polymerization of silicate*||8ff 
region of the interface togemetj wp l 
double layer control of the wall { $fy 
are responsible for the high regulaii|f 
surfactant-silicate mesostructures>*|0Sf? 
density matching establishes a linl|| 
the chemical composition and str 
the silicate wall and thefbrmanl 
particular mesostructure. We ex 
these perspectives will stimulate 
experiments aimed at producing! 
ploiting a better understanding of 
citing class of materials. 
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Polypeptides have been the focus of con- 
siderable attention with respect to their 
structure and folding, biological function, 
and therapeutic potential. The develop- 
ment of efficient solid-phase methodology 
for the synthesis of peptides (I), peptide 
denvatives (2), and large peptide libraries 
(i-8) has greatly facilitated these studies. 
I he development of efficient methods for 
the synthesis of unnatural biopolymers (9- 
1 1) composed of building blocks other than 
amino acids may provide new frameworks 
tor generating macromolecules with novel 
properties. For example, polymers with im- 
proved pharmacokinetic properties (such as 
membrane permeability and biological sta- 
bility) might facilitate drug discovery, and 
polymers with altered conformational or 
hydrogen-bonding properties may provide 
increased insight into biomolecular struc- 
ture and folding. We report the highly 
efficient solid-phase synthesis of oligocar- 
bamate polymers from a pool of chiral 
aminocarbonates and the synthesis and 
screening of a library of oligocarbamates for 
(mAb) t0 b ' nd 3 monodonal antibody 

The oligocarbamate backbone (Fig 1) 
in contrast to that of peptides, consists of a 
chiral ethylene backbone linked through 
relatively rigid carbamate groups. The a 
carbon, like that o f peptides, is substituted 
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with side chains that contain a variety of 
functional groups. Although the 3 carbon 
is unsubstituted in our initial target, addi- 
tional backbone modifications (and confor- 
mational restriction) can be incorporated 
via a kylation of the ^ carbon or the car- 
bamyl nitrogen. Oligocarbamates were syn- 
thesized from a pool of optically active 
N-protected aminocarbonates (Fig 2) 
which, in turn, were derived from the 
corresponding optically active amino alco- 
hols The latter are either commercially 
available or can be prepared in chiral form 
by reduction of the N-hydroxysuccinimidyl 
or pentafluorophenyl esters of N-protected 
amino acids (12) The a-amino group was 
protected with the use of either nitrovera- 
tryl chloroformate (13) (NVOC-CI) (for 
photochemical deprotection) or fluorenyl- 
methyl-N-hydroxysuccinimidyl carbonate 
(Fmoc-OSu) (for base-catalyzed deprotec- 
tum) (14). When necessary, side chains 
were protected as acid-labile tert-butyl es- 
ters ethers, or carbamates. Protected ami- 
no alcohols were converted to the corre- 
sponding N-protected p-nitrophenyl car- 
bonate monomers by reaction with p-nitro- 
phenyl chloroformate in pyridine/CH,Cl, 
generally in > 80 % yield. The carbonate 
monon^s are stable for months at room 
temperature. 

Solid-phase synthesis of oligocarbamates 
involves the sequential base<atalyzed or 
light-dependent deprotection of the a-amino 
group of the growing polymer chain followed 
by coupling to the next protected p-nitrophe- 
nyl carbonate monomer (Fig. 2). The N-pro- 
tected hydroxy-terminal" residue was cova- 
lently attached to polystyrene resin contain- 
ing either N-protected p-alkoxybeniyl amino 
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most weakly coupled QDs is as low as the 
spectral resolution of our spectrometer, 40 
jieV, a value comparable to the smallest 
linewidth reported so far (6). The decrease 
of the exciton lifetime for the antibonding 
state with increasing level separation can be 
described in a simple two-level picture in- 
volving acoustical phonon scattering from 
- the upper-state-in«>-th€-lower-state--(4^)r- 
This would lead to a cubic dependence of 
this linewidth on the energy level separa- 
tion, which is also observed experimentally. 

CEO has proven to be a versatile method 
for the fabrication of zero-dimensional ob- 
jects of well-defined size, shape, and posi- 
tion. The excellent optical quality, mani- 
fested in extremely narrow emission lines, 
and the high degree of homogeneity acces- 
sible with this method permit the precise 
tailoring of the quantum-mechanical cou- 
pling between these nanoscale structures. As 
an extension to this work, we propose the 
use of higher barriers, narrower QWs, and 
the incorporation of indium into the wells. 
All these measures should increase the bind- 
ing energy of excitons to the QDs. The use 
of strained InGaAs QWs, in particular, is 
expected to enhance this binding energy 
drastically because the strain can be almost 
completely elastically relaxed at the inter- 
sections. This might open a route to exper- 
imental investigation of a variety of quan- 
tum mechanics textbook examples previous- 
ly inaccessible by other means, such as going 
from artificial atoms to molecules to an ar- 
tificial one-dimensional solid. 
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Organically Modified Aluminosilicate 
Mesostructures from Block Copolymer Phases 
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Ulrich Wiesner* 

Organically modified aluminosilicate mesostructures were synthesized from two metal 
alkoxides with the use of polyflsoprene-b-ethyleneoxide) block copolymers (PI-b-PEO) 
as the structure-directing molecules. By increasing the fraction of the inorganic pre- 
cursors with respect to the polymer, morphologies expected from the phase diagrams 
of diblock copolymers were obtained. The length scale of the microstructures and the 
state of alignment were varied using concepts known from the study of block copoly- 
mers. These results suggest that the use of higher molecular weight block copolymer 
mesophases instead of conventional low-molecular weight surfactants may provide a 
simple, easily controlled pathway for the preparation of various silica-type mesostruc- 
tures that extends the accessible length scale of these structures by about an order of 
magnitude. 



Currently, a great deal of attention is being 
paid to the synthesis of complex inorganic 
materials with long-range order (1). Such 
materials could find applications in cataly- 
sis, membrane and separation technology, 
and molecular engineering (2). A typical 
approach is the use of organic structures 
formed through self-assembly as structure- 
directing agents. The final morphology is 
then determined by the cooperative organi- 
zation of inorganic and organic molecular 
species into three-dimensionally structured 
arrays, a concept also discussed in the con- 
text of biomineralization (3). This strategy 
has already been successfully used in the 
preparation of inorganic mesoporous mate- 
rials (4). Different pathways, where the 
driving forces of the cooperative organiza- 
tion are either ionic (5) or based on hydro- 
gen bonds (6), have been described in vast- 
ly different concentration regimes (7). Pore 
sizes of 20 to 100 A are commonly obtained 
in this way. 

Here, we used block copolymers of high- 
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er molecular weight to make the transition 
from the small to the large mesoscopic re- 
gime (up to several tens of nanometers) of 
silica-type mesostructures. Bagshaw et d. 
previously used block-type low-molecular 
weight surfactants as templating agents to 
produce mesoporous molecular sieves (6). 
Higher molecular weight block copolymers 
have been used to stabilize inorganic metal 
or semiconductor nanoparticles (8). How- 
ever, they all produce solid particles with 
morphologies never very far from spherical 
(9). An example of a different shape of 
inorganic material in a random-coil organic 
homopolymer is the synthesis of randomly 
distributed inorganic nanowires ( 10). Most 
recently, block copolymers have been used 
to control the growth of anisotropic inor- 
ganic crystals (11). 

Block copolymer materials are similar to 
low-molecular weight nonionic surfactant so- 
lutions with respect to their general phase 
behavior (12). The phase diagrams of these 
materials have been elucidated by numerous 
experimental and theoretical studies (13). 
The combination of inorganic siliceous com- 
ponents in a hybrid material with block co- 
polymers is appealing for various reasons. 
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First, a blend of desirable macroscopic prop- 
erties (mechanical, thermal, and so forth) in 
the final product can be expected. Because 
the block copolymer chemistry (architec- 
ture, chain length, composition, and so 
forth) can be varied substantially, it should 
be possible to fine tune the properties of the 
composite. Moreover, the length scale of the 
microstructures of block- copolymers- is -on 
the order of the characteristic length scale of 
the chains, ranging from 5 to 100 run, which 
may make meso porous materials with 
large pore sizes accessible. We investigated 
the sol-gel process of a mixture of two metal 
alkoxides, (3'glycidyloxypropyl-) trimedK)x - 

(GLYMO), and aluminum sec-butoxide, 
Al(OBu <, ) 3 , with poly(isoprene-b-ethylene- 
oxide) block copolymers (PI-b-PEO) (Fig. 
1). GLYMO itself is an interesting hybrid 
material known to form thin-film coatings 
on polymers, thereby enhancing the abrasion 
resistance up to values of conventional glass 
(14). The block copolymer has two impor- 
tant features. First, the hydrolysis products of 
the metal alkoxides should preferentially 
swell the hydrophilic PEO block as a result of 
hydrogen bonding (as known, for example, 
from the synthesis of mesoporous molecular 
sieves with low-molecular weight nonionic 
surfactants) (6, 7). Second, the low glass 
transition temperature T g « 213 K of the PI 
block introduces high mobility at ambient 
temperatures and should allow rapid forma- 
tion of structures with long-range order even 
in the bulk. 

Two PI-b-PEO block copolymers, re- 
ferred to as PP3 and PP7, were synthesized 
by anionic polymerization using a recently 
described procedure (15). The molecular 
weights are nearly 10 kg moH (PP3) and 34 
kg mol" 1 (PP7), and the polydispersity is 
low (MJM^ ~ 1.05, where M w and ^ are 
the weight-average and number-average 
molecular weights, respectively). The vol- 
ume fraction of the PEO block is -15% in 
both cases. Their microdomain structure 



was explored by small-angle x-ray scattering 
(SAXS) (Fig. 2). In a representative SAXS 
pattern obtained for PP3 at room tempera- 
ture (Fig. 2A), the main peak is centered 
around a value for the scattering wave vec- 
tor q corresponding to ~~ 1 1.9 nm. There are 
at least two higher order reflections clearly 
visible at angular positions of VI and Vo 
of the firstwder maximum. This patterrTis 
characteristic for spheres packed in a simple 
or body-centered cubic lattice, as expected 
for this volume fraction. 

In a typical preparation of an organic- 
inorganic composite, 0.5 g of PI-b-PEO 
block copolymer was dissolved in a 1:1 mix- 
ture of CHC1 3 and tetrahydrofuran (5 weight 
% polymer); under moderate stirring, a pre- 
hydrolyzed solution of 80 mol % GLYMO 
and 20 mol % Al(OBu s ) 3 (16) was added, 
and after 2 hours the mixture was transferred 
to a petri dish at 333 to 343 K. After subse- 
quent evaporation of the organic solvents 
(~1 hour), the formation of the composite 
was accomplished by heat treatment at 403 
K in vacuum for 45 min. A series of film 
samples with thicknesses of —0.5 to 1 mm 
were prepared in this way by adding different 
amounts of the metal alkoxide solution to 
the same block copolymer. In the following, 
we focus on samples with 0.22 and 0.57 g of 
metal oxides in 0.5 g of PP3, denoted PP3/4 
and PP3/10, respectively. 

In the SAXS pattern of PP3/4 (Fig. 2B), 
the main peak is located at a q value corre- 
sponding to —20.3 nm, and there are higher 
order reflections at angular positions of V4 
and V7 of this first-order maximum. This 
spacing sequence is indicative of a hexagonal 
array of cylinders. For PP3/10 (Fig. 2C), the 
main peak is centered around a q value cor- 
responding to — 19.6 nm, and two more re- 
flections of higher order are clearly visible at 
integer multiples of this q value. Such a 
sequence is characteristic of an arrangement 
of lamellae. 



(HaCQbS 



PI-b-PEO 




Fig. 1. Schematic drawing of our approach fa synthesizing 
organically modified silica mesostructures. Left: the mor- 
phology of the precursor block copolymer. Right: the result- 
ing morphologies after addition of various amounts of the metal alkoxides. 



To corroborate the assignment of these 
two SAXS patterns to a cylindrical and a 
lamellar morphology, respectively, we also 
examined the samples by transmission elec- 
tron microscopy (TEM) (Fig. 3). The con- 
trast in these micrographs arises from PI, 
stained with Os0 4 and appearing black. The 
image of PP3/4 (Fig. 3A) clearly shows hex- 
agonally packed cylinders in the two most 
typical projections. The TEM image of PP3/ 
10 (Fig. 3B) exhibits lamellae. To determine 
whether the silica-type material is confined 
to one phase of the block copolymer, we used 
the recently developed method of elemental 
mapping (17). In Fig. 3C the silicon map of 
the same area depicted in Fig. 3B is shown; 
areas containing silicon appear bright in this 
image. Two conclusions can be drawn from 
Fig.3G(i)The inorganic silicon-rich phase 
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Fig. Z Scattered intensities /(g) as a function of 
scattering vector q for PP3 (A), PP3/4 (B), PP3/1 0 
(C), and PP7/4 (D) at 295 K. Angular positions of 
higher order peaks with respect to the first-order 
maximum are indicated for each curve. The max- 
ima with an angular position of V5, usually ex- 
pected for a cylindrical morphology, are not well 
resolved in curves (B) and (D), probably because 
of the large width of the peaks. The patterns in (A), 
(Q, and (D) were obtained with a Kratky com- 
pact camera (Anton Paar KG) equipped with a 
one-dimensional position-sensitive detector (M. 
Braun). The Ni-filtered Cu Ka radiation (\ = 0. 1 54 
nm) was from a Siemens generator (Kristalloflex 
710 H) operating at 35 kVand 30 mA. The pattern 
in (B) was obtained with a Rigaku Rotaflex x-ray 
source and a 2D area detector after integration 
over the azimuthal angle (see Fig. 4). 
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has a lamellar morphology, and (ii) compar- 
ison of Fig. 3B and Fig. 3C shows that silicon 
is confined to the PEO phase of PP3. The 



same spatial distribution can be shown by 
aluminum mapping, and similar results were 
obtained for the hexagonal phase (18). 




Fig. 3. TEM micrographs of PP3/4 (A) and PP3/ 
10 (B and C). For TEM, films were stained with 
0s0 4 , embedded in Technovit, and sectioned at 
218 K (Reichert cryo-ultramicrotome). Uftrathin 
sections (—50 nm) were again stained with Os0 4 
and Investigated using a LEO 912 fl operated at 
1 20 kV. The images in (A) and (B) were recorded in 
the energy-fiftering imaging mode using electrons 
of zero energy bss ( 1 7) ; (C) qualitatively shows the 
silicon distribution of the same site as in (B) and 
was recorded by elemental mapping using the 
Si-L 2 3 absorption edge. In this process two im- 
ages are acquired at electron energy losses be- 
fore the Si-L 2 3 edge, and these are used to ex- 
trapolate an image expected at the energy loss of 
the Si-L 23 edge. Because it is not influenced by 
the absorption edge, the extrapolated image rep- 
resents silicon-nonspecific mass-thickness back- 
ground. This background is then subtracted from 

a third image acquired at the Si-L 23 edge, the difference image representing the pure distrtoution of 
silicon to the contrast (24). The smaller distance in the lamellar spacing in the TEM images relative to that 
indicated by the SAXS data is a result of contraction of the ultrathin sections normal to the plane of the 
lamellae, driven by free energy minimization (25). 
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Fig. 4. Two-dimensional SAXS patterns of PP3/1 0 at 295 K fa two different directions of the x-ray beam 
with respect to the sample coordinate frame, as schematically depicted in the inset. The order param- 
eter <P 2 ) for the angular distrtoution of the lamellae normal with respect to the z-direction (film-normal) 
as obtained from the 2D SAXS pattern (27) on the right side, is O.SrParterns were obtained with a Rigaku 
Rotaflex x-ray source at 0.154 nm (Cu Ka). A three-pinhole collimator was used to generate a beam 1 
mm In diameter. Scattering patterns were recorde d on a 2 D Siemens X-1000 area detector with a 
sample-to-detector distance of 1 30 cm. ' ' ~ 



The length scale of the morphologies in 
the present composites reflected from the 
SAXS patterns in Fig. 2, B and C, is -20 
nm, considerably longer than what is typi- 
cally obtained for materials prepared from 
low-molecular weight surfactants. The spac- 
ings can be further increased by using higher 
mol ecu lar weigh t block co polymer s. In com- 
posites prepared from PP7, spacings of ~40 
nm were achieved (Fig. 2D). Because molec- 
ular weights of up to 10 2 to 10 3 kg mol" 1 can 
be synthesized, fine-tuning of morphological 
parameters becomes possible. 

The electron microscopy results (Fig. 3) 
suggest that the hydrophilic PEO block acts 
as an anchor for the metal alkoxide conden- 
sation products. More information about this 
effect was obtained from differential scan- 
ning calorimetry (DSC) (19). Although the 
T g value of the PI block is unaffected, the 
melting behavior of the PEO block is mark- 
edly altered by the addition of inorganic 
material (18), For pure PP3, a melting point 
T m was clearly detected at 310 K. For sam- 
ples PP3/4 and PP3/10, however, the crystal- 
lization of the PEO block was suppressed. 
This is a well-known phenomenon in poly- 
mer blending, where the intimate mixing of 
a second polymer prevents PEO crystalliza- 
tion (20). Crystallization is only suppressed, 
however, if during the synthesis the organic 
solvents are evaporated at temperatures 
above the T m of PEO. This suggests that 
the PEO chains and the hydrolysis prod- 
ucts of the metal alkoxides mix well only 
above the T m of the PEO block, and this 
state is frozen through condensation of the 
metal alkoxides. 

Information about the inorganic con- 
nectivities can be gained by solid-state 
nuclear magnetic resonance. The conden- 
sation behavior of the present mixtures is 
similar to that of the pure metal alkoxides 
* (21). Most of the silicon atoms are connect- 
ed to two or three other metal atoms (silicon 
or aluminum) by oxygen bridges, thereby 
yielding a three-dimensional network. Near- 
ly 40% of the aluminum is incorporated in 
this network as fourfold coordinated species. 
The residual aluminum is located in alumi- 
num oxohydroxo complexes, A\O x (OH) y 
(H 2 0) 7 , as sixfold coordinated aluminum. In 
addition to the links on the inorganic side, 
the conversion of the epoxy group to oligo- 
ethyleneoxide derivatives leads to a higher 
network density. 

Finally, we concentrate on orientational 
effects induced by the solvent-cast tech- 
nique (22), which is part of the preparation 
procedure for our materials. Two-dimen- 
sional (2D) SAXS patterns for two different 
orientations of a film of lamellar sample 
PP3/10with respect to the x-ray beam (Fig. 
4) show that in the q x -q y plane (film plane) 
only a ring of small scattering intensity is 
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observed, whereas in the q y -q t plane two 
strong and narrow scattering peaks along q z 
are detected. This result is expected for 
lamellae oriented parallel to the film sur- 
face. It demonstrates that the solvent-cast 
technique is capable of inducing macro- 
scopically aligned samples for the present 
lamellar silica-type mesostructures. Because 
the film thickness of these materials is con- 
siderable (~1 mm), surface-induced mor- 
phological transitions and related effects 
observed for very thin films (23) can be 
neglected. 
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Promotion of the Cycling of Diet-Enhancing 
Nutrients by African Grazers 

S. J. McNaughton,* F. F. Banyikwa, M. M. McNaughton 

Experiments in Serengeti National Park, Tanzania, provide direct evidence that large, 
free-ranging mammalian grazers accelerate nutrient cycling in a natural ecosystem in a 
way that enhances their own carrying capacity. Both nitrogen and sodium wer at 
considerably higher plant-available levels in soils of highly grazed sites than in soils of 
nearby areas where animal density is sparse. Fencing that uncoupled grazers and soils 
indicated that the animals promote nitrogen availability on soils of inherently similar 
fertility and select sites of higher sodium availability as well as enhancing that availability. 



There is a growing recognition in ecology 
that organisms can modify their environ- 
ments in ways beneficial to themselves, 
rather than inevitably causing environmen- 
tal deterioration (1), and it is a maxim of 
grassland ecology that nutrient recycling by 
grazers contributes to plant regrowth poten- 
tial (2). However, direct evidence of the 
effect of large wild mammals on nutrient 
recycling is meager (3), and studies in bo- 
real forests (4) indicate that moose (Alces 
ekes) browsing indirectly diminishes soil 
mineralization rate by shifting the compo- 
sition of vegetation species to less palatable 
and less decomposable plants. 

The distribution and abundance of large 
grazing mammals in Serengeti National 
Park, Tanzania, are influenced by the oc- 
currence of nutritionally sufficient forages 
(5) and the spatiotemporal variation of veg- 
etation productivity due to pronounced 
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geographic rainfall gradients and . produc- 
tion seasonality (6). Grazers preferentially 
forage on swards enriched in minerals that 
are important in late-stage pregnancy, lac- 
tation, and the growth of young animals 
(5). There are two plausible explanations 
for this phenomenon: Animals forage on 
vegetation supported by soils of innately 
greater nutrient availability, or animal ac- 
tivities augment nutrient availability. Iden- 
tification of the correct explanation has 
implications for conservation policy and 
management (through an understanding of 
the habitat requirements of endangered 
wild grazing mammals) and for ecological 
theory (by documenting how grazing mam- 
mals are mechanistically coupled with their 
habitats). Regional edaphic differences af- 
fect the mineral contents of forages and 
thereby influence seasonal movements of 
migratory grazers in the Serengeti, but no 
evidence of general soil differences was 
found in landscape-level studies of resident 
grazers (5), which are those that do not 
migrate but occupy discrete home ranges. 
Here we present evidence concerning the 
mechanisms associated with higher nutrient 
availability at sites preferred by resident 
grazers. 

Mineralization of two elements — nitro- 
gen (N), which is essential to both plants 
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